ABSTRACT: Interleukin-10 (IL-10), an anti-inflammatory cytokine, may have therapeutic potential in the fetal inflammatory response syndrome and its sequelae such as bronchopulmonary dysplasia (BPD). Our aim was to compare the effects of IL-10 versus dexamethasone (DEX) on important PMN functions of the newborn. PMNs were isolated into culture medium from cord blood after elective cesarean section deliveries. IL-10 and DEX were compared on an equimolar basis corresponding to previously measured plasma levels of DEX from infants treated for BPD. The endotoxin (LPS)-stimulated release of the pro-inflammatory cytokines, tumor necrosis factor (TNF␣) and IL-1␤, were markedly inhibited equally by IL-10 and DEX; the anti-inflammatory cytokine IL-4 was not released and IL-1 receptor antagonist (IL-1ra) was released less with DEX compared with IL-10. PMNs exposed to LPS, N-formyl-L-methionyl-Lleucyl-L-phenylalanine (fMLP), or S. aureus did not show a significant difference between control, DEX and IL-10 for apoptosis, respiratory burst, phagocytosis or killing respectively. Chemotaxis to fMLP or IL-8 was unaffected by DEX or IL-10. The principal effects of both IL-10 and DEX, on the PMN functions studied, are related to the control of pro-and anti-inflammatory cytokine release. 
P olymorphonuclear leukocytes (PMNs) are the principal pro-inflammatory effector cells that contribute to the acute innate immune responses of the fetus and newborn (1) . However, an excessive inflammatory response, mediated by PMNs may lead to collateral healthy tissue injury as exemplified by serious adverse sequelae of the fetal inflammatory response syndrome (2) . Accordingly, there is increasing interest in developing safe and effective anti-inflammatory therapy other than glucocorticoids (3) . During early development of bronchopulmonary dysplasia (BPD), airway fluid contains predominantly PMNs and pro-inflammatory cytokines; however, interleukin-10 (IL-10), an anti-inflammatory cytokine, is either undetectable or detectable at very low levels (4 -9) . In previous work, we have shown that the PMN of the newborn does not release IL-10 at detectable levels (10) . In addition, we have shown that exogenous IL-10 is equipotent to dexamethasone (DEX) with regard to the inhibition of the proinflammatory cytokine, IL-8 (IL-8) from stimulated PMNs of the newborn (10) . Therefore, IL-10 may have antiinflammatory therapeutic potential for the fetus and newborn (10, 11) . IL-10 has been used in chronic inflammatory disorders of adults (12) .
The newborn is predisposed to a variety of inflammatory disorders in which the innate host defense is critical for survival. Before further studies are undertaken with regard to the potential therapeutic use of IL-10, it was considered important to elucidate the effect of IL-10 versus DEX on important PMN functions in the newborn. This study avoided preterm subjects because of the confounding variables of antenatal infection, antenatal steroids, and a variety of maternal conditions and medications associated with indicated premature delivery. Although the fetal and neonatal inflammatory response syndrome and the role of the PMN is important for both term and preterm infants (1, 2) , there are some known differences in neutrophil functions between these two stages of development (1, 13) . Developmental differences regarding the effects of IL-10 versus DEX on PMN functions could exist. No previous studies have compared the equimolar effects of IL-10 and DEX on multiple PMN functions. The aims of this study were to determine the effect of IL-10 versus DEX on the release of pro-inflammatory and anti-inflammatory cytokines from PMNs of the newborn, as well as chemotaxis, phagocytosis, respiratory burst, bacterial killing and apoptosis.
METHODS

Subjects.
Cord blood (ϳ30 mL) was obtained from placentas after elective, term, caesarean section deliveries. The deliveries were attended by one of the investigators. Deliveries were not associated with labor, rupture of membranes, meconium-stained fluid, or clinical evidence of chorioamnionitis. Blood was collected in heparinized preservative-free tubes for transport to the laboratory, followed by immediate PMN isolation. A total of 28 cord blood samples were used to study the six different PMN functions. This study was approved by the Institutional Review Board of the North Shore-Long Island Jewish Health System. PMN isolation. PMNs were isolated under endotoxin-free conditions using Ficoll-Paque PLUS (GE Healthcare Bio-Sciences Corp, Piscataway, NJ) centrifugation. The PMNs were subsequently purified by dextran (Sigma Chemical, Aldrich, St. Louis, MO) sedimentation and hypotonic lysis of residual red blood cells as previously described (10) . The cells were 95-98% pure PMNs and the viability using trypan-blue exclusion was above 98%. At 18 h of culture, PMN viability was Ͼ94% for all experimental conditions. Pro-inflammatory and anti-inflammatory cytokine measurements. In previous work, we demonstrated that LPS at a concentration of 10 ng/mL was a submaximal stimulus for IL-8 release (10) . This physiologic and clinically relevant stimulus was used to stimulate PMNs, 5 ϫ 10 6 PMNs/mL resuspended in RPMI 1640 supplemented with 10% fetal bovine serum (GIBCOInvitrogen, Grand Island, NY) for 18 h at 37°C, at which time aliquots of culture media were taken for ELISA. Before LPS stimulation, PMNs were preincubated with Phosphate Buffered Saline (PBS, GIBCO-Invitrogen) (vehicle), IL-10 (R&D Systems, Minneapolis, MN) or DEX (Abraxis Pharmaceutical Products, Shaumburg, IL), both at 10 Ϫ8 M, for 1 h at 37°C. Under the same experimental conditions, we previously found that this level of IL-10 or DEX produced a marked inhibition of LPS-induced IL-8 release from PMNs of the newborn (10, 14) . Furthermore, DEX at 10 Ϫ8 M is in the therapeutic range of DEX levels measured in plasma from infants treated for BPD (15, 16) . In this study, we measured the pro-inflammatory mediators TNF␣ and IL-1␤, as well as the anti-inflammatory mediators IL-4 and IL-1 receptor antagonist (IL-1ra), using commercially available ELISA kits (R&D Systems).
Chemotaxis. Detailed methods for PMN chemotaxis have been previously described by our laboratory (17) . Chemotaxis was measured in a three-tiered, 48-well chemotaxis chamber (Neuro Probe, Gaithersberg, M.D.) with a 5-m polycarbonate filter between the upper and lower chambers, and a 2-m filter at the base of the lower chamber and above the lowest tier. Before assembling the chamber, PMNs (3 ϫ 10 6 PMNs/mL resuspended in serum-free RPMI 1640) were preincubated with serum-free RPMI 1640 (vehicle) or 10 Ϫ10 , 10 Ϫ9 or 10 Ϫ8 M IL-10 or DEX at 37°C in pyrogen-free test tubes for 1 h. The lower chemoattractant chamber was prepared with 50 L of serum-free RPMI 1640 (control vehicle), IL-8 (R&D Systems) at 10
The upper chamber contained 50 L of preincubated cell suspension with and without IL-10 or DEX, and with and without IL-8 or fMLP. The assembled 48-well chamber was placed in an incubator at 37°C for 1 h. The chamber was then disassembled. PMN drop-off from the underside of the 5 m filter was assessed by cytocentrifuging the lower two tiers of the chamber at 500 ϫ g for 10 min to collect cells for counting on the 2-m filter. Filters were stained using a Hema 3 stain set (Fisher Scientific, Kalamazoo, MI). Cells were counted using a light microscope and averaging counts from five high-powered fields (hpf, 10 ϫ 40). Total migration was derived from movement of cells from the upper to lower wells when no chemoattractant was placed in the upper chamber. Chemokinesis (random migration) was derived from the movement of cells from the upper to lower chamber when chemoattractant was placed in the upper and lower wells. Chemotaxis (directed movement) was derived by subtracting values of chemokinesis from the respective values of total migration. We corrected the values using migration without chemoattractant in the lower chamber.
Respiratory burst. PMN superoxide anion generation was measured by the superoxide dismutase (SOD) inhibitable reduction of ferricytochrome C at 550 nm (18, 19) . Isolated PMNs were resuspended in Hanks' balanced salt solution containing Caϩϩ and Mgϩϩ (HBSSϩ, GIBCO-Invitrogen) at a concentration of 1 ϫ 10 6 PMNs/mL in pyrogen-free test tubes. PMNs were preincubated with PBS (vehicle), IL-10 or DEX at 10 Ϫ8 M concentration for 1 h at 37°C. Immediately after preincubation, cytochrome c (from bovine heart, Sigma Chemical, Aldrich, 1 mg/mL) was added to all test samples. Reference samples included SOD (from bovine erythrocytes, Sigma Chemical, Aldrich, 50 U/mL) in addition to cytochrome c. Then both test and reference samples were stimulated with PBS (vehicle) or fMLP (10 Ϫ7 M) for 0, 10, and 20 min at 37°C. Incubation was stopped by placing tubes on ice. Cells were then pelleted and the absorbance of the supernatant was measured at 550 nm by a spectrophotometer. Respiratory burst was determined from the difference in absorbance between the test samples and the corresponding reference samples. Results were expressed as nanomoles of O 2 Ϫ produced per 10 6 cells with an extinction coefficient of 2.1 ϫ 10 4 M Ϫ1 cm Ϫ1 . Phagocytosis and killing. The rate of phagocytosis and killing was measured by a two-step assay as previously described in detail (20) . Briefly, isolated PMNs were resuspended in HBSSϩ at 1 ϫ 10 7 PMNs/mL and preincubated with PBS (vehicle), IL-10 or DEX, both at 10 Ϫ8 M, for 1 h at 37°C. In the meantime, an overnight culture of bacteria (Staphylococcus aureus subsp. aureus ATCC 27217) was washed twice with PBS and resuspended in HBSSϩ. Turbidity was measured at 550 nm and the bacterial concentration was estimated by using a standard curve (turbidity at 550 nm versus the number of colony forming units (CFU) grown on agar). For opsonization, the bacteria were resuspended at 1ϫ 10 8 CFU/mL in HBSSϩ containing 10% autologous serum in a glass tube, rotated for 20 min at 37°C, and used immediately. For the two-step assay, PMNs and bacteria were mixed at a 1:10 ratio in a glass tube (experimental tubes). A control tube was included where the PMNs were replaced with HBSSϩ. The tubes were rotated at 37°C, and 50 L of sample was taken from the experimental tubes at 5, 10, and 20 min, and 0 and 20 min from the control tube. The 50 L samples were added to 950 L of ice-cold PBS, and centrifuged at low speed to pellet the PMNs only. Supernatant (containing extracellular bacteria) was collected without disturbing the PMN pellet (containing intracellular bacteria), and the pellet was washed twice with PBS, pooling the supernatants from the three washes. To release the intracellular bacteria, PMNs were lysed by incubating in 2.5 mL sterile H 2 0, pH 11, for 10 min at room temperature, and then vortexing thoroughly. Samples were further diluted in H 2 0, pH 11, and 20 L was spread on half a nutrient agar plate (four half plates/sample). Plates were incubated overnight at 37°C and the colonies formed were counted the next day. The half-lives of phagocytosis and killing were calculated by an Excel data analysis file provided by Green et al. (20) .
Apoptosis. Caspase-3 activity was used as a screening tool for evolving apoptosis as previously described (21) . PMNs (5 ϫ 10 6 PMNs/mL) were resuspended in RPMI 1640 supplemented with 10% fetal bovine serum and PMNs were preincubated with PBS, IL-10 or DEX (10 Ϫ8 M) for 1 h at 37°C. PMNs were then stimulated with LPS (10 ng/mL) for 0, 3, 6, or 18 h. Caspase-3 activity was measured by a commercially available colorimetric assay kit (R&D Systems). At the stopping time points PMNs were lysed by the lysing buffer provided by the kit, and the cell lysates stored at Ϫ80°C until measurements were made.
RESULTS
Cytokine release. The effect of equimolar levels of IL-10 and DEX (10 Ϫ8 M) on pro-inflammatory and anti-inflammatory cytokine release from PMNs of the newborn, over 18 h, is shown in Figure 1 . LPS stimulation resulted in an increase in TNF␣ release that was markedly inhibited by IL-10 (77% reduction) or DEX (55% reduction), with no difference between IL-10 and DEX. LPS stimulation also resulted in an increase in IL-1␤ release that was markedly inhibited by IL-10 (90% reduction) and DEX (70% reduction), with no difference between IL-10 and DEX. Furthermore, LPS stimulation resulted in an increase in release of the anti-inflammatory mediator, IL-1ra, shown in panel C. In contrast to the proinflammatory mediators, IL-10 and DEX did not significantly affect IL-1ra release compared with LPS alone. We could not detect IL-4 release, and therefore the data are not shown.
Chemotaxis. Figure 2 demonstrates the effect of different molar levels of IL-10 and DEX on neutrophil migration to the bacterial peptide chemoattractant fMLP (10 Ϫ7 M). There was no effect on either total migration (total height of bar), chemokinesis (shaded lower area of bar), or chemotaxis (open, upper area of bar). The levels of DEX and IL-10 used in these experiments were designed to include 10 Ϫ8 M, which markedly inhibited pro-inflammatory cytokine release as shown in Figure 1 . We repeated the same chemotaxis study using IL-8 (10 Ϫ8 M) instead of fMLP as a chemoattractant, and also found that IL-10 and DEX did not inhibit chemotaxis (data not shown).
Respiratory burst. The effect of equimolar levels of IL-10 and DEX (10 Ϫ8 M) on superoxide anion generation from fMLP-stimulated PMNs over 20 min is shown in Figure 3 . A significant increase in superoxide anion generation (nmol/10 6 PMNs) was observed above baseline with stimulation by fMLP. IL-10 and DEX at 10 Ϫ8 M had no effect on superoxide production at 10 or 20 min of fMLP stimulation.
Phagocytosis and killing. The effect of equimolar levels of IL-10 and DEX (10 Ϫ8 M) on phagocytosis and killing of S. aureus by PMNs is shown in Figure 4 . IL-10 and DEX at 10 Ϫ8 M had no significant effect on the half-lives of phagocytosis and killing in comparison to untreated PMNs.
Caspase-3 activity. The effect of equimolar doses of IL-10 and DEX (10 Ϫ8 M) on caspase-3 activity from PMNs alone, PMNs exposed to LPS, and PMNs exposed to LPS with either IL-10 or DEX (10 Ϫ8 M) is shown in Figure 5 . For PMNs without exposure to LPS, caspase-3 activity increased over time with statistical significance reached at 18 h. LPS tended to reduce caspase-3 activity at each time point but the difference was not statistically significant compared with PMNs that were not exposed to LPS. IL-10 and DEX did not have any effect on caspase-3 activity.
DISCUSSION
The PMN plays an important role in the fetal and neonatal inflammatory response syndrome and potential multiorgan injury such as bronchopulmonary dysplasia and brain injury (2) . The aim of this study was to compare the effects of IL-10 versus DEX on important PMN innate immune functions of the newborn. The plasma levels of DEX known to be associated with a reduction in BPD have been previously described and are in the range of 10 Ϫ8 M (15, 16) . In previous work, we demonstrated that endotoxin-stimulated release of IL-8 from PMNs of the newborn was markedly inhibited by equimolar levels (10 Ϫ8 M) of DEX or IL-10 (10). Therefore, this study focused on IL-10 and DEX, principally at 10 Ϫ8 M level, based on these clinical and laboratory observations. Our intention was to minimize confounding effects such as chorioamnionitis, antenatal steroids, and maternal medications for indicated deliveries. Chronic, clinically silent chorioamnionitis is still possible for term infants delivered by elective caesarean section (22) . The results of this study may not extrapolate to some PMN functions of the premature infant, which differ from term infants (1, 13) . Although the separate effects of DEX and IL-10 on PMN functions of the adult have been described, comparative studies on a variety of PMN pro-inflammatory functions of the newborn have not been previously described (23, 24) .
Pro-inflammatory and anti-inflammatory cytokine measurements have been made in the bloodstream and airway fluid of newborns (25) (26) (27) , but the cell source of these mediators is incompletely understood and may involve different molecular mechanisms leading to their release or the inhibition of their release (21) . In amniotic and airway fluid of premature infants at risk for BPD, there have been absolute elevations of proinflammatory cytokines such as IL-1␤ and TNF␣; there have been elevated ratios of these cytokines to their inhibitors described as well (25) (26) (27) . In this study, we demonstrated that, like in previous work with IL-8 (10), IL-10 and DEX at 10 Ϫ8 M markedly inhibited IL-1␤ and TNF␣ release from LPSstimulated PMNs of the newborn. With regard to antiinflammatory cytokines, we found no detectable levels of IL-4 upon LPS stimulation of PMNs of the newborn. In addition, previous studies have shown that PMNs from newborns and adults do not release 28) . Conversely, we found that the LPS-stimulated PMN of the newborn is capable of producing IL-1ra and, interestingly, there was a different effect of IL-10 versus DEX on IL-1ra release. We found that IL-10 did not affect IL-1ra release but DEX did reduce IL-1ra release compared with IL-10.
PMN chemotaxis is reduced in the newborn compared with the adult (1). IL-10 has been shown to mildly reduce chemotaxis using PMNs from adults and the under-agarose method (29) . In this study, we used two well-studied PMN chemoattractants, IL-8 and fMLP, with a 48-well chemotaxis chamber. Doses of IL-10 and DEX below and up to 10 Ϫ8 M had no direct effect on total migration, chemokinesis or chemotaxis on exposure to either IL-8 or fMLP.
Phagocytosis, bacterial killing and respiratory burst are similar for the newborn compared with adult under healthy conditions, yet phagocytosis may be depressed in a variety of serious systemic disorders in the adult and newborn (1) . In this study, we found no effect of IL-10 or DEX on phagocytosis, bacterial killing or respiratory burst. Conflicting results, perhaps due to study conditions, have been reported with regard to IL-10 and inhibition of respiratory burst in PMNs from adults (30, 31) . In preterm infants with evolving BPD, DEX reduced respiratory burst (32) . This study only compared IL-10 and DEX at an equimolar level, which is known to have marked inhibitory effects on PMN release of pro-inflammatory cytokines and which can be related to therapeutic levels of DEX used in the treatment of BPD.
PMNs leaving the circulation usually live no longer than 24 h in the tissues. In the airspace, apoptotic PMNs are rapidly ingested by alveolar macrophages. Conditions that modulate apoptosis could have an important effect on the persistence or termination of inflammation in disorders such as BPD (33, 34) . Previous work using PMNs from adults have demonstrated that endotoxin reduces apoptosis; in addition DEX promotes survival of LPS-stimulated PMN survival (35) whereas IL-10 inhibits LPS-induced survival of LPS-stimulated PMNs from adults (36) . In this study, we saw a trend toward the reduction in caspase-3 activity by endotoxin, indicating a reduction in the rate of apoptosis, but the change in activity did not reach statistical significance. In contrast to the studies using PMNs from adults, we found no appreciable effect of IL-10 or DEX at 10
Ϫ8 M on caspase-3 activity. The cell-specific effects of IL-10 versus DEX, at therapeutic levels, on PMN functions of the newborn have not been studied previously outside of reports from our laboratory (10, 14) . Further work is needed in this area for a number of reasons. First, the in vitro conditions used in this study may not reflect the complex in vivo environment seen in well or sick, term or preterm newborns. Second, it is known that as an inflammatory circulating cell moves from the circulation into the tissues, its functions may change (37) . However, in the context of the fetal inflammatory response syndrome and its sequelae, our study on circulating PMNs has clinical relevance (2) . There are also other PMN functions for example, adhesion, which should be studied; DEX is associated with decreased expression of adhesion molecules on PMNs and monocytes of the newborn (38) , but the effect of IL-10 is unknown.
We conclude that the principal anti-inflammatory effects of IL-10 and DEX on the functions of PMNs of the newborn that were measured in this study occur via pro-inflammatory cytokine inhibition. Secondary indirect effects of IL-10 and DEX that are anti-inflammatory may then occur, such as decreased IL-8-induced PMN recruitment into a site of inflammation, without a direct effect on chemotaxis, phagocytosis, respiratory burst and apoptosis. IL-10 may have an anti-inflammatory advantage over DEX, owing to the inhibition of IL-1ra by DEX compared with IL-10. A limitation of this study may be the applicability of our results to neutrophil functions of the extremely preterm versus term human newborn. For example, the preterm infant under certain conditions has decreased neutrophil phagocytosis compared with the term infant (13) . Further studies should be undertaken to understand the comprehensive developmental and physiologic effects of IL-10 versus DEX, as well as differences in their molecular mechanisms of action. Novel, safe and effective anti-inflammatory therapy for the fetus and newborn is urgently needed (3).
